Abstract Spirulina has attracted special attention due to its importance as human foodstuff and natural colours with specific functional properties. These functional properties have been attributed to phycobilins, carotenoids, phenolics and unsaturated fatty acids. Present study was conducted under controlled phytotron conditions to identify the efficient strains of Spirulina in terms of pigment synthesis and to optimize their enhanced production. Methodology for enhanced production was standardized by varying specific environmental parameters (light intensity, temperature, carbon dioxide concentration, pH and NaCl level). Different strains of Spirulina depicted variability and environmental parameters showed distinct influence on pigments. Growth and pigment production was recorded to be most efficient under optimized conditions of light intensity (70 lmol m -2 s -1 ), temperature (30°C), CO 2 concentration (550 ppm and 750 ppm), pH (10.5) and NaCl level (2 g L -1 ).
well balanced amino acids. It is also rich in carbohydrates, vitamins, minerals, phenolics, pigments (chlorophyll, carotenoids and phycobilins) and poly-unsaturated fatty acids (Miranda et al. 1998; Anupama 2000) . It is successfully used in aquaculture and poultry industries (Belay et al. 1993; Estrada et al. 2001 ). This genus is reported to be photosynthetic, filamentous in an open left-hand helix, with predominance from aquatic habitats having high levels of carbonates, bicarbonates and alkaline pH (up to 11). The large scale production of Spirulina depends on nutrient availability, temperature, light, pH and CO 2 concentration. In view of this, a study was conducted to optimize the protocol for enhanced production of pigments in Spirulina. Ten strains procured from the culture collection of Centre for Conservation and Utilisation of BlueGreen Algae (CCUBGA), IARI, New Delhi were grown in chemically defined Z-medium, which is rich in carbonate and thus, has successively served as a common culture medium (Zarrouk 1966) . Spirulina strains were grown under diffused light intensity of 55 lmol m -2 s -1 at 28°C ± 2°C temperature with 16:8 h light: dark cycle. Initial biomass of 0.1 g L -1 (Costa et al. 2000 ) was taken as inoculum in 100 mL medium in conical flasks. The influence of different pH (9.5, 10.5, 11.5, 12.5, 13.5) and NaCl concentrations (0, 0.5, 1.0, 1.5, 2.0 g L -1
) was studied on the pigment production under culture room facility. Studies were also conducted under varying temperature (25, 30 and 35°C) ) and CO 2 concentration (350, 550 and 750 ppm) in growth chambers of National Phytotron Facility, IARI. Homogenized suspension was drawn at 15th day of incubation for the estimation of chlorophyll (Lichtenthaler 1987) , carotenoids (Jensen 1978) and phycobiliproteins (Bennett and Bogorad 1993) .
Most of the strains exhibited uniform suspension in the medium and some showed planktonic growth behaviour. Difference in the thallus colour observed is reported to be under the control of chlorophyll to phycobilin ratio. Pigments can also be subjected to oxidation by molecular oxygen, which is known to be a potent inhibitor of microbial processes including photosynthesis (Paerl and Pinckney 1996) . The environmental variables can influence growth and pigment production which in turn may change the composition of the biomass by affecting the metabolism. Varied light intensity exhibited differential influence on the accumulation of chlorophyll, carotenoids and phycobilins. Results indicated that a light intensity of 55 lmol m -2 s -1 was optimum for maximum chlorophyll and that of 85 lmol m -2 s -1 was inhibitory in most cases, except in case of CCC538. Variation in the temperature influenced the pigment profile with 35°C being the optimum for enhanced chlorophyll. Danesi et al. (2001) reported highest biomass production at 30°C temperature. High temperatures are the key factors for large scale Spirulina cultures outdoors with the optimal temperature reported in range of 35-38°C (Zarrouk 1966; Hu 2004) . The temperature below 20°C and above 40°C retarded the growth considerably (Borowitzka and Borowitzka 1988) . The highest biomass at 30°C than at 35°C may be due to higher partial pressure of CO 2 in the medium leading to enhanced concentration of bicarbonates with consequent increase in the rate of photosynthesis (Colla et al. 2004 ). Further, a longer dark cycle respiratory activity in which cells use reserve material for respiration accordingly can decrease the cell weight (Vonshak et al. 1982) . In general, chlorophyll content enhanced with increase in carbon dioxide concentration and a concentration of 750 ppm was optimum. Effect of pH was distinct with 10.5 pH being the optimum for enhanced chlorophyll production as has also been reported by Richmond and Grobbelaar (1986) . Spirulina requires relatively high pH between 9.5 and 9.8 (Hu 2004) , which inhibit the contamination by most algae in the culture. Therefore, high amounts of sodium bicarbonate is essential in the culture medium to sustain high pH. High alkalinity is mandatory for the growth and bicarbonate is used to maintain the high pH (Vonshak and Tomaselli 2000) . The significant pigment production may be the result of an increase in pH due to the formation of a CO 2 /H 2 CO 3 / HCO 3-/CO 3 -2 system, which may function as useful buffer system for maintaining the alkaline pH. This is important for the optimum growth and helps to prevent the carbon depletion (Richmond 1990; Vonshak 1997) . Sodium chloride concentration of 2 g L -1 depicted highest chlorophyll, however, several species of Spirulina exhibit inhibition of growth in hostile environments of saline lakes (Henrikson 1994) . Exposure of S. platensis to an enhanced sodium concentration resulted in a 30 % increase in intracellular accumulation of Na ? accompanied by small changes in dry mass and chlorophyll content (Kavita and Mohanty 2000) ( Table 1 ). Carotenoids and phycobiliproteins were highest at 70 lmol m -2 s -1 light intensity and 10.5 pH was optimum for higher carotenoids and phycobiliproteins. In conventional cultivation, light absorption is proportional to the phycocyanin and chlorophyll content of the cells and a slight reduction in phycocyanin may be accompanied by an increase in chlorophyll (Cornet et al. 1992 ). Carotenoids were maximum at 35°C temperature and enhanced CO 2 resulted in their increase with 750 ppm to be an optimum concentration. Sodium chloride concentration of 1.5 g L -1
showed highest carotenoids. Phycobiliproteins enhanced significantly at 35°C in some cultures, whereas decline was observed in others. Enhancement in CO 2 concentration increased the phycobiliproteins, and sodium chloride concentration of 2 g L -1 was most suitable for phycobiliprotein production (Tables 2, 3 ). Study clearly showed that the pigments from Spirulina, which have the potential applications in biotechnology can be enhanced by manipulating cultural conditions and environmental variables. Standardized protocol for enhanced production of pigments involved an optimized light intensity: 70 lmol m -2 s -1 for chlorophyll and carotenoids, and 85 lmol m -2 s -1 for phycobiliproteins, temperature: 35°C for chlorophyll and phycobiliproteins, and 25°C for carotenoids, CO 2 concentration: 500 ppm and 750 ppm, pH: 10.5 and NaCl concentration: 2 g L -1 . 
